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Recently, the estimation of the social cost of energy sources has been emphasized as
various novel energy options become feasible in addition to conventional ones. In partic-
ular, the social cost of introducing measures to protect power-distribution systems from
power-source instability and the cost of accident-risk response for various power sources
must be investigated. To account for these risk factors, an integrated societal risk
assessment framework, based on power-uncertainty analysis and accident-consequence
analysis, is proposed. In this study, we applied the proposed framework to nuclear
power plants, solar photovoltaic systems, and wind-turbine generators. The required ca-
pacity of gas-turbine power plants to be used as backup power facilities to compensate for
fluctuations in the power output from the main power source was estimated based on the
performance indicators of each power source. The average individual health risk per
terawatt-hours (TWh) of electricity produced by each power source was quantitatively
estimated by assessing accident frequency and the consequences of specific accident
scenarios based on the probabilistic risk assessment methodology. This study is expected
to provide insight into integrated societal risk analysis, and can be used to estimate the
social cost of various power sources.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
After the Fukushima Daiichi nuclear power plant (NPP) acci-
dent, the Japanese government publisheda report inwhich the
unit electricity generation costs of various power sources are
estimated [1]. This report suggests that the unit value of nu-
clear power generation will be 8.9 yen/kWh (11.4 U.S. cents/.G. Kang).
d under the terms of the
hich permits unrestricte
erly cited.
sevier Korea LLC on behakWh), including the social cost of 1.6 yen/kWh (2.0 U.S. cents/
kWh), by the year 2020. Regarding renewable energy, by the
year 2020, theunit value of onshorewindpower is estimated to
reach9.3e17.3 yen/kWh (11.9e22.2U.S. cents/kWh) and that of
residential solar power generation is estimated to reach
12.0e13.9 yen/kWh (15.4e17.8 U.S. cents/kWh); whereas the
social cost of wind-turbine generators (WTGs) and solarCreative Commons Attribution Non-Commercial License (http://
d non-commercial use, distribution, and reproduction in any
lf of Korean Nuclear Society.
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additional expenditure of providing measures to protect the
power-distributionnetwork frompower-source instability and
that of accident-risk response for renewable energy sources
were not considered; however, these social costs must be
considered for proper electricity generation cost estimation.
In general, solar PV systems andWTGs are considered to be
intermittent energy sources, whose power output is not
continuously available because of certain external factors that
are outside direct control. The effective use of such intermit-
tent energy sources in an electric power grid for utility pur-
poses usually relies on the use of backup power to
compensate for the irregular fluctuations in output from the
intermittent sources. When one considers the external cost of
additional backup power installations to compensate for the
deficiencies in the energy supplied by various sources, the
electricity generation cost can increase, depending on the
performance or reliability of each source.
In terms of the cost of accident-risk response, concerns
have been raised regarding the potential public risks of not
only NPPs but also WTGs and solar PV systems. The primary
concern regarding NPPs is that radioactive fission products
may be released into the environment and may pose a radi-
ation hazard to the adjacent public in the case of a severe
accident scenario [2]. Although renewable energy sources
generally appear to generate no potential hazards, several
studies have highlighted the potential risk of an accidental fire
in a PV array theoretically releasing toxic substances into the
environment, and turbine blades can be thrown to nearby
sites in the case of blade-failure accidents in WTGs, endan-
gering anyone living near the wind farms [3,4].
Toaccount for these risks in theestimationof the social cost
of various power sources, an integrated societal risk assess-
ment framework for NPPs,WTGs, and solar PV systems, based
on power-uncertainty analysis and accident-consequence
analysis, is proposed in this paper. For the power-uncertainty
analysis, the deficiencies in power output caused by the inad-
equate performance of a givenpower source are assumed to be
compensated for through the immediate use of gas-turbine
power plants. For the accident-consequence analysis, various
possible accident scenarios were considered, including a hy-
pothetical NPP accident, a fire-related incident within a solar
PV system, and the whole-blade failure of a utility-scale wind
turbine. This study is expected to provide insights into inte-
grated societal risk analysis and will be used as the basis for
estimating the social costs of various energy sources.2. Proposed framework
2.1. Power-uncertainty analysis
This study looks at a hybrid energy system consisting of a
main power source, in combination with auxiliary gas-turbine
power plants as the backup power source, to supply electricity
when the main power source does not generate sufficient
energy to satisfy the load demand, or is not available during
outage periods. The required annual production of the hybrid
energy system can be calculated as the sum of the actualannual power output of each power source and the required
annual power output from the gas:
Wr ¼ miCp;iWi þWg (1)
where Wr is the required annual energy production of the
hybrid energy system,Wg is the required annual power output
from the gas turbines, and mi, Cp;i; and Wi represent the
availability factor (AF), capacity factor (CF), and rated annual
energy output of the main power source, respectively. To
ensure a reliable supply from this system, the annual pro-
duction of the hybrid energy system must be equal to the
rated annual power output of the main power source, and
thus the annual power production required of the gas turbines
that must be installed can be derived as follows:
Wr ¼Wi (2)
Wg ¼

1 miCp;i

Wi (3)
Using Eq. (3), the electricity generation cost can then be
derived as the sum of the yearly electricity generation cost of
the main power source and the yearly electricity generation
cost of the required gas turbines, divided by the annual rated
power production of the energy source
ci ¼ ce;iWi þ cgWgWi ¼ ce;i þ cg
Wg
Wi
¼ ce;i þ cg

1 miCp;i

(4)
where ci is the electricity generation cost of the main power
source, ce;i is the conventional electricity generation cost es-
timates of the main power source, and cg is the electricity
generation cost of the gas turbines. Therefore, the perfor-
mance indicators, such as CF and AF, of the main power
source must be analyzed to estimate the external cost for
additional gas-turbine installation, based on Eq. (4). The CF is
defined as the net actual generation (NAAG) that is produced
by a generating unit in a given period as a fraction of the net
maximum generation (NMG) [5].
CF ¼

NAAG
NMG

 100% (5)
where the NAAG is the energy that is generated by a unit in a
given period and the NMG is the energy that could be pro-
duced by the unit in the given period if it were to operate
continuously at maximum capacity. The AF is defined as the
fraction of a given operating period in which a generating unit
is available without any outages [5]:
AF ¼

1 POHþUOH
PH

 100% (6)
where the planned outage hours (POHs) are the number of
hours for which a unit is in a standard or extended planned
outage state. The unplanned outage hours (UOHs) are the
number of hours a unit is in a Class 0, Class 1, Class 2, or Class
3 or in maintenance outage states, whereas the period hours
(PHs) are the number of hours a unit is in the active state.2.2. Accident-consequence analysis
In this study, to quantitatively assess the consequences of
various accident scenarios, the public health risk was
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NPPs, solar PV systems, and WTGs based on probabilistic risk
assessment (PRA) methodology. To ensure that the public
health risk of each scenario for each type of power source was
assessed based on the same criteria, the area of interest in
which the public health risk was assessed was defined for
each power source. It was assumed that for each energy
source, the same capacity of 1,000 MW could be achieved
with a uniform installation of facilities within a certain area
of up to 20 km in radius; then, the equivalent radius of the
area of interest for each power source could be defined as
follows by considering the rated power output of each power
source:
p ð20 kmÞ2
pr2e
¼ 1; 000 MW
Pr
(7)
where re is the equivalent radius of the defined area of inter-
est, A, and Pr is the rated power output of each power source.
Based on the identified area of interest, the average individual
health risk can be estimated by multiplying the accident fre-
quency by the ratio of the number of equivalent fatalities to
the total population residing inside the defined area of inter-
est. Because each energy source has a different rated power
output, the average individual health risk per terawatt-hours
(TWh) of electricity that is annually produced by each en-
ergy source is estimated
Average individual health risk per terawatt
 hours of electricity ¼ Average individual health risk
Annual electricity production
(8)
Average individual health risk ¼
X
i
Pi $
HECi
POPtot
(9)
HECi ¼ ∬ Afatality riski$rpop dx dy (10)
POPtot ¼ ∬ Arpop dx dy (11)
where Pi is the frequency of the specified accident scenario;
HECi is the number of cases of potential health effects
resulting in fatality for the nearby population, which is
calculated as the product of the fatality risk and the popu-
lation density, rpop, inside the area of interest, A, for various
accident scenarios, i; and POPtot is the total population
residing within the area of interest, which is considered to
have the same population density, rpop, for each energy
source.3. Analysis
3.1. Power-uncertainty analysis
3.1.1. Nuclear power plants
To assess the CF of NPPs, stochastic analysis was conducted
based on historical data regarding the CFs of NPPs operating in
Korea over the past 2 decades, according to the InternationalAtomic Energy Agency Power Reactor Information System
database [6].
To assess the AF of NPPs, both the planned outage time
required for overhaul processes and the unplanned outage
time attributable to unplanned reactor trip events were
considered. To estimate the planned outage time, the general
overhaul processes for the NPPs were considered. Typically,
planned overhaul processes, which include maintenance
tasks and tests of various NPP components, are performed at
regular intervals, which is generally 1 month of planned
overhaul for every 18 months of operation.
To estimate the unplanned outage time, a list of major
events was collected, including unplanned reactor trips that
have occurred in Korean NPPs as logged in the Operational
Performance Information System provided by the Korea
Institute of Nuclear Safety [7]. To estimate the outage time
attributable to unplanned reactor trip events, detailed infor-
mation was collected regarding the outage time for every
primary cause of unplanned reactor events. The outage time
was calculated as the difference between the date of the event
and the date when operation resumed for each of the 349 data
sets collected concerning unplanned reactor trip events,
excluding events that occurred during planned overhaul pe-
riods. The data were regressed into a log-normal distribution
based on the probability-density function of the outage-time
data for each event.
The histogram of the collected outage-time data for each
primary cause is presented in Fig. 1. Detailed log-normal pa-
rameters for each primary cause are summarized in Table 1.
Based on this analysis of the estimated mean failure-rate and
log-normal outage-time fit parameters for each primary
cause, the unplanned outage times associated with the
various NPP failure modes were estimated based on Monte
Carlo simulations, and the AF of NPP was then calculated
using Eq. (6).
3.1.2. Solar PV systems
Predicting the performance of residential PV cells and panels
requires knowledge of the behavior of the climatic factors,
such as the annual amount of solar radiation. The solar
insolation at a given geographical location depends on the
Earth's daily rotation, the EartheSun distance, and the Earth's
axial tilt relative to the Sun [8]:
W ¼ S0 cos z ¼ S0ðsin q sin dþ cos q cos d cosHÞ (12)
whereW is the solar energy flux at the EartheSun distance; S0
is the solar constant; z is the solar zenith angle, which is a
function of the latitude, q, the solar declination, d, and the
hour angle of the Sun, H. Using Eq. (12), the annual solar
insolation in Korea was calculated by modeling the change in
the daily obliquity, declination, and hour angle throughout the
year. Because the solar insolation is also affected by climatic
changes, such as the amount of cloud cover, the annual solar
insolation intensity was calculated by multiplying the esti-
mated hourly solar insolation by the average yearly clearness
index observed in Korea. The detailed parameters used to
simulate the yearly solar insolation at ground level are pro-
vided in Table 2.
Fig. 1 e Histograms and log-normal regressions of the outage time caused by unplanned reactor trip events for various
primary causes: (A) human error, (B) electrical failure, (C) instrumentation failure, (D) mechanical failure, and (E) external
cause.
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the incident solar insolation, a simple electrical circuit dia-
gramof a typical solar cell wasmodeled using a current source
in parallel with a diode, as illustrated in Fig. 2 [10]. Based on
the PV-cell circuit diagram, the net current in the cell can be
derived as follows:
I ¼ IL  I0
h
e
qðVþIRs Þ
nkT  1
i
(13)Table 1 e Log-normal regression parameters of the
outage-time data for each primary cause.
Cases m (location
parameter)
s (scale
parameter)
Mean
(h)
Human error 2.67 1.85 80.07
Electrical failure 4.03 1.57 192.06
Instrumentation
failure
3.35 1.90 174.43
Mechanical failure 4.45 1.50 262.73
External cause 2.64 1.41 37.82
Table 2 eMeteorological parameters for the simulation of
annual solar irradiance.
Parameter Value
Solar constant (W/m2) 1,377
Latitude (degrees) 37570
Maximum/minimum declination (degrees) ±23.5
Clearness index (%) [9] 63.6IL ¼ ISC GGref (14)
I0 ¼ ISC
e
qVOC
nkT  1
 (15)
RS ¼  dVdIVOC
 1
XV
(16)
XV ¼ I0 qnkTe
qVOC
nkT  1
XV
(17)
where I is the net current in the cell, which is determined by
the photocurrent, IL, the saturation current of the diode, I0,
and the electrical characteristics of a solar PVmodule, such as
the operating voltage of the cell, V, diode quality factor, n,
surface temperature of the cell, T, and the series resistance inFig. 2 e Schematic of the simple electrical circuit used to
model a solar photovoltaic cell.
Table 3 eWeibull distribution parameters of wind
velocities observed at the Gosan station [14].
Parameter Value
k (shape parameter) 8.69
l (scale parameter) 1.65
Mean wind speed (m/s) 7.77
Table 4 e Technical specifications of the Siemens SWT-
2.3-93 turbine [16].
Parameter Value
Nominal power (MW) 2.3
Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 14
Cutout wind speed (m/s) 25
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short-circuit current, ISC, and the ratio of incident solar irra-
diance, G, to reference solar irradiance, Gref .
In this study, we assume the use of the Solarex MSX-60 PV
module (Solarex, Frederick, MD, USA), which is one of the
most widely used modules for residential solar PV systems
[11]. The series resistance considered in themodel was used to
solve for the net current in the cell based on the electrical
characteristics of the module using the NewtoneRaphson
method, and the characteristic IeV curve of a single solar PV
module was derived based on the net current in the circuit,
depending on the operating voltage. In this analysis, the res-
idential 5-kWp solar PV system consisting of eight series with
10 parallel circuits of PV modules (8-by-10) was considered.
Based on the calculated yearly solar insolation data, the
derived power curve and the annual power output of the
residential solar PV array were estimated, and the mean CF
was then calculated using Eq. (5).
Although the performance of a solar PV system varies
based on irradiance and module performance, it can also
experience component failure or outage during operation. To
analyze the AF of solar PV systems, reliability data were
collected for the components of the solar PV system. The
outage time attributable to the failure of these components
was estimated using the failure-rate and repair-time data for
major components, including the PV module array, the string,
the combiner box, the inverter, the alternating current
disconnect, and the grid connection. To calculate the outage
time attributable to unexpected failures of the components,
the failure-rate and repair-time data for each component of
the solar PV systemwere prepared based on the input data for
the PV reliability and performancemodel developed by Sandia
National Laboratories [12]. To assess the average annual un-
planned outage time of a solar PV system caused by compo-
nent failure, a Monte Carlo simulation was conducted to
estimate the yearly outage time, which was calculated as the
sum of the repair times associated with the failure of each
component. Based on the outage time thus estimated, the AF
of the system was calculated using Eq. (6).
3.1.3. Wind-turbine generators
The power output of a WTG is influenced by the random na-
ture of the incident wind velocity, which is generally repre-
sented by theWeibull distribution [13]. To obtain yearly wind-
speed data, the wind information recorded at the Gosan site,
which has the highest recordedwind speed in Korea as shown
in Table 3, was used for the analysis.
Typically, wind-turbine power production depends on the
energy contained in the wind. The following second-order
function of the wind-speed variable was used in this anal-
ysis to simulate the power output performance for WTGs [15]:
PðnÞ ¼ 0 0  n< nci
¼ ðAþ Bnþ Cn2ÞPrnci  n< nr
¼ Prnr  n< nco
¼ 0 n  nco
(18)
where nci is the cut-in wind speed, nr is the rated output wind
speed, at which the actual power output reaches the rated
power output, Pr. At higher wind speeds, the turbine is
designed to limit the power output to this maximum level. ncois the cut-out speed at which a braking system is activated to
bring the rotor to a standstill. The constants A, B, and C can be
derived as functions of the aforementioned parameters, based
on the technical specifications of a given WTG. In this study,
the power curve was modeled based on the technical specifi-
cations of the Siemens SWT-2.3-93 wind turbine (Siemens AG,
Erlangen, Germany), which are presented in Table 4. Using the
simulated annual wind-speed data and the derived power-
curve equation, the CF ofWTGwas calculated based on Eq. (5).
Because a WTG is composed of various mechanical com-
ponents, including rotor blades, a gearbox, and a generator, it
can experience component failure or outages during opera-
tion caused by a variety of factors, including mechanical
stresses and abnormally high wind speeds. Therefore, the
reliability data for the components, which comprise a wind
turbine, were collected from the German 250-MW Wind
Monitoring Campaign database of observed turbine re-
liabilities and the failure rate of each component [17]. The
failure-rate data for turbines with a capacity of >1 MW at low,
moderate, and high wind speeds were used for the reliability
analysis, whereas the repair time for each component was
assumed to be deterministic and independent of the wind
speed, as shown in Table 5. To estimate the outage time
attributable to failures and subsequent repair during 1 year of
operation, a Monte Carlo simulation was conducted and the
AF was calculated using Eq. (6).3.2. Accident-consequence analysis
3.2.1. Nuclear power plants
When severe NPP accidents occur, some fraction of the ra-
dionuclides may be released into the environment, and the
transported radionuclides can adversely affect human health.
The assessment of the public health risk associated with the
accidental release of radioactive materials from an NPP acci-
dent requires the following: (1) identifying the quantities of
by-products released by the nuclear fission reaction; (2)
specifying the release profile and site-specific data; (3) simu-
lating the airborne transport of the released radioactive ma-
terials; and (4) analyzing the response of the exposed
population for various exposure pathways.
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a hypothetical NPP accident was determined based on a Level
2 probabilistic risk assessment (PRA) analysis for conventional
1,000-MWNPPs. In this study, a steam-generator tube-rupture
accident under containment-bypass conditions was assumed
to determine the release fraction of each chemical group, as
shown in Table 6. In this analysis, the radioactive materials
were assumed to be released at ground level, and the plume
containing these materials was assumed to continue to
disperse throughout the environment for 1 day. A common
dry deposition velocity of 0.01 m/s, corresponding to unfil-
tered release directly into the environment, was assumed [19].
Meteorological conditions and population distribution near
the NPP site are important when simulating the airborne
transport of released radionuclides and estimating the public
health effect. Therefore, the yearly meteorological data
observed at the Kori NPP site in Korea were used as input data
to simulate the atmospheric transport of the released radio-
nuclides using a stratified random sampling method for the
case study [21]. For the population data, it was assumed that
the population is uniformly residing at a distance of >8 km
from the site. The population density was assumed according
to the estimate for Korea.
For the simulation of the airborne transport of gaseous
radioactive materials released into the environment, the
Gaussian plume model was used. To analyze the response of
the population exposed to transported radionuclides, the
MELCORAccident Consequence Code System 2 [22], developed
by Sandia National Laboratories, was used. In this analysis,
mitigative action during the emergency phase was addressed
by simulating the radial evacuation of the population with an
evacuation speed of 1.8 m/s [19].
3.2.2. Solar PV systems
For the consequence analysis of solar PV systems, the public
health effects of a fire in a 5-kWp residential cadmium tellu-
ride (CdTe) PV systemwere examined. Cadmium is considered
a probable human carcinogen, classified as a Group B1Table 6e Release fraction of radionuclide for hypothetical
nuclear power plant accident considered in this study
[20].
Parameter Value
Release fraction
for each
chemical group
Xe group (Kr, Xe) 9.50  1001
I group (I) 1.30  1001
Cs group (Rb, Cs) 1.30  1001
Te group (Sb, Te) 4.90  1001
Sr group (Sr) 8.60  1004
Ru group
(Co, Mo, Tc, Ru, Rh)
4.60  1002
La group (Y, Zr, Nb, La,
Pr, Nd, Am, Cm)
1.90  1004
Ce group (Ce, Np, Pu) 7.10  1004
Ba group (Ba) 1.40  1002
Am, Americium; Ba, Barium; Ce, Cerium; Cm, Curium; Co, Cobalt;
Cs, Cesium; I, Iodine; Kr, Krypton; La, Lanthanum; Mo, Molybde-
num; Nb, Niobium; Nd, Neodymium; Np, Neptunium; Pr, Praseo-
dymium; Pu, Plutonium; Rb, Rubidium; Rh, Rhodium; Ru,
Ruthenium; Sb, Antimony; Sr, Strontium; Tc, Technetium; Te,
Tellurium; Xe, Xenon; Y, Yttrium; Zr, Zirconium.
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(EPA), and the chronic inhalation of or oral exposure to cad-
mium can lead to a build-up in the kidneys, causing kidney
disease [23]. An assessment of the public health risk associ-
ated with the release of carcinogenic material from CdTe PV
modules during a fire requires the following: (1) specifying the
quantity of cadmiumpresent in a residential CdTe PVmodule;
(2) identifying the toxic chemicals released during a fire; (3)
simulating the atmospheric transport of the released toxic
substances; and (4) analyzing the response of the exposed
population for defined exposure pathways.
To analyze the source term, the amounts of Cd and Te
released were assumed to constitute 0.5% of the total CdTe
material present in the PV module, as a conservative estimate
[24]. To simulate the atmospheric transport of the released
cadmium, the Gaussian plume dispersion model was used to
estimate the ground-level concentration of toxic materials. To
produce a conservative analysis, theworst-casemeteorological
conditions (Pasquill atmospheric stability of Class F, constant
windvelocity of 1m/s, andground-level release)were assumed.
The specific release description for a fire incident involving
CdTe PVmodules was defined as summarized in Table 7.
To analyze the response of the exposed population near the
point of release, the critical exposure pathwaywas assumed to
be via oral ingestion of ground-deposited cadmium, because a
short-release duration was defined for the toxic-substance
release. Therefore, a cancer risk evaluation method proposed
by the U.S. EPA, which defines the quantitative relationship
between dose and response using a cancer slope factor, was
used to analyze the public health risk [26]. Based on the cancer
slope factor for the oral ingestion of the cadmium, the cancer
risk was computed for each age interval as follows:
Riski ¼ C IRi  EFi  EDiBWi AT  SFADAFi (19)
where C is the concentration of the toxic chemical in the soil,
IR is the ingestion rate of the contaminated environmental
medium, EF is the exposure frequency, ED is the exposure
duration, BW is the bodyweight, AT is the average time,which
specifies the length of time over which the average dose is
calculated, SF is the oral-ingestion cancer slope factor, and
ADAF is an age-dependent adjustment factor for a given age
interval, i. Based on the standard default exposure parameters
for reasonablemaximum exposure for resident cancer risk, as
recommended by the U.S. EPA, the public health risk was
estimated as the cancer risk of an adult for 50 years of expo-
sure to the deposited cadmium [26].Table 7 e Release description of toxic materials from a
residential CdTe PV module.
Parameter Value
Wind velocity (m/s) 1
Release duration (min) 15
Amount of CdTe in 5-kWp residential solar
PV array (kg) [25]
0.6
Release fraction of CdTe inside solar PV array (%) [24] 0.5
CdTe, cadmium telluride; PV, photovoltaic.3.2.3. Wind-turbine generators
In the case of WTG accidents, the consequence analysis was
conducted focusing on the whole-blade failure WTG accident
scenario, which may cause fatal effects due to the direct
impact of blade fragments and subsequent blunt trauma. The
assessment of the public health risk associated with whole-
blade failure accidents in WTGs requires the following: (1)
identifying the specifications of typical wind-turbine blades;
(2) describing the release pattern of the blade fragment; (3)
simulating the fragment's trajectory from the WTG to nearby
populations; and (4) assessing the human vulnerability to a
blade fragment generated by wind-turbine failure.
In this study,bladebreakdownfor a typicalutility-scalewind
turbine was investigated. The specifications of the considered
wind turbine, including descriptions of the blades and rotors,
are provided in Tables 8 and 9. Becausewhole-blade failurewas
assumed in this analysis, the total mass and full length of the
blade were used for a conservative assessment of the public
health risk. To simulate the random nature of the blade-
detachment conditions, several parameters were assumed to
have certain specific distributions, as indicated in Table 9.
To simulate the fragment's trajectory from the initial po-
sition of detachment from the WTG, under the assumption of
flat terrain around the WTG site, a blade-throw model was
developed considering the aerodynamic forces applied to the
blade fragment. Three nonlinear, second-order coupled dif-
ferential equations of motion can be modeled as follows, by
considering the two important forces, which are the gravita-
tional force and the drag force associated with air resistance
in three-dimensional space, assuming that the wind rose is
always perpendicular to the blade plane:
FD vx! ¼ md2xdx2 (20)
FD vy! ¼ md2ydy2 (21)
mg FDvz!¼ md
2z
dz2
(22)
vx
! ¼ vx
v
; vy
! ¼ vy
v
; vx
! ¼ vz
v
; v ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2x þ v2y þ v2z
q
(23)
As implied by Eqs. (20e22), the horizontal trajectory of the
projectile through the air depends on the drag force, which
can be expressed in terms of several parameters:
FD ¼ CDAfrair
v2
2
(24)Table 8 e Technical specifications of the representative
wind turbine considered for the accident-consequence
analysis [16].
Parameter Value
Hub height (m) 80
Rotor diameter (m) 93
Length of blade (m) 45
Blade's center of gravity distance from rotor center (m) 25.5
Blade mass (kg) 6,600
Table 9 e Assumptions of the parameters for release
description of the blade fragment.
Parameter Value
Exposed area (m2) Uniform distribution
(Min. ¼ 9.7, Max. ¼ 96.8)
Coefficient of drag (unitless) 1
Angle of detachment (degree) Uniform distribution
(Min. ¼ 0 Max. ¼ 360)
Rotor speed (rpm) Beta distribution (Min. ¼ 14.5,
Mode ¼ 16.1, Max. ¼ 38.6)
Wind speed (m/s) Weibull distribution (Mean ¼ 24)
Air density (kg/m3) 1.225
Max., maximum; Min., minimum.
Table 10 e Estimated mean capacity factor and
availability factor for each energy source.
Parameter NPP Solar photovoltaic
system
WTG
Mean capacity
factor (%)
89.11 16.98 28.71
Mean availability
factor (%)
93.06 89.11 91.59
NPP, nuclear power plant; WTG, wind-turbine generator.
Table 11 e Electricity generation costs considering the
power uncertainty of each energy source.
Parameter NPP Solar
photovoltaic
system
WTG
Conventional electricity
generation cost
estimate (U.S. cents/
kWh) [1]
11.4 15.4e17.8 11.9e22.2
Additional external cost
for gas-turbine power
(U.S. cents/kWh)
2.5 12.6 11.0
Electricity generation cost
(U.S. cents/kWh)
13.9 28.0e30.4 22.9e33.2
NPP, nuclear power plant; WTG, wind-turbine generator.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 6 1e4 7 1468where Af is the frontal surface area of the projectile, rair is the
density of the air,CD is a dimensionless drag coefficient, and v is
the relative velocity of the blade in the rest frame of the wind.
Using the set of blade-fragment release conditions described in
Tables 8 and 9, Eqs. (20e24) were integrated and solved
numerically using a RungeeKutta algorithm until the mass
center of the blade fragment collided with the ground to simu-
late the ground-impact point of the blade. Several assumptions
were made in this calculation: the blade fragment was repre-
sented by a point mass, the drag coefficient was held constant
throughout the flight of the blade fragment, and the wind di-
rectionwasassumed tobeconstantduring the fragment'sflight.
To assess the public health risk associated with wind-
turbine blade failure, the direct impact of the blade frag-
ment on a member of the nearby population was analyzed
using the energy-based Blunt Criterion model [27]. The Blunt
Criterion model is used to calculate the potential risk of an
impact injury based on certain parameters and is defined as
follows:
BC ¼ ln
0
B@12MV2
W
1
3TD
1
CA (25)
whereM is the mass of the projectile in kg, V is the velocity of
the projectile in m/s,W is the mass of the struck individual in
kg, T is the combined thickness of the body wall at the impact
location on the struck individual in cm, and D is the diameter
of the projectile in cm. In this analysis, the average anthro-
pometric characteristics of a human were used for the Blunt
Criterion model [28]. Based on this model, the probabilities of
producing injuries at all levels of injury severity, as deter-
mined by the Abbreviated Injury Scale (AIS), can be quanti-
tatively estimated using the following logistic function [27]:
p ¼ 1
1þ eðaþbBCÞ (26)
where p is the probability of injury at a certain AIS level
caused by blunt trauma, BC is the Blunt Criterion value, and
both a and b are coefficients whose values depend on the AIS
level and the body part of concern. In this study, blunt
trauma to the thorax was considered and an AIS level of 6,
which denotes the highest severity of injury (an untreatable
injury or fatality), was used to estimate the probability of
fatality.4. Results
4.1. Power-uncertainty analysis
The performance indicators, such as CF and AF, of the given
energy sources can be used to estimate the external cost for
additional gas-turbine installation associated with the energy
source, and these performance indicators in the case of NPPs,
solar PV systems, and WTGs were analyzed using the stan-
dard definition for electric generating unitsdsee Eqs. (5) and
(6). Based on the proposed framework in this study, the
mean CF and mean AF were estimated, respectively, for each
energy source, and the results are presented in Table 10.
According to the estimated performance indicators of each
energy source, the necessary power output of the gas-turbine
power plants used for backup power generation to compen-
sate for deficient power output during the normal operation of
each energy source can be derived using Eq. (4). The electricity
generation cost for a conventional liquefied natural gas power
plant in Korea, in the year 2012, was 168.1 won/kWh (14.9 U.S.
cents/kWh), and this was used as the electricity generation
cost for the gas turbines [29]. The additional external costs for
the gas-turbine power for each energy source is estimated, as
summarized in Table 11.4.2. Accident-consequence analysis
According to the accident-consequence analysis, the average
individual health risks of NPPs, solar PV systems, and WTGs
were estimated based on the predefined accident scenarios
considered for each case. For each energy option, the same
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 6 1e4 7 1 469population density of 485.6 residents/km2 was assumed, with
a uniform population distribution in the defined area of in-
terest; this value was adopted from the estimated average
population density of Korea in the year 2010 [30].
In the case of a hypothetical NPP accident, the exceedance
probability as a function of the number of each type of health-
effect case was obtained as shown in Fig. 3, considering the
rated power output of a conventional 1,000-MW NPP. Thus,
the average individual health risk was calculated as the sum
of the grand mean of early fatality cases and latent cancer
fatality cases divided by the total population, under the
assumption of a population residing between 8 km and 20 km
from the NPP site.
In the case of solar PV systems, the cancer risk profile was
obtained, as shown in Fig. 4, for distances from the point ofFig. 3 e Exceedance probability as a function of the number
of each type of health-effect case for a hypothetical nuclear
power plant accident.
Fig. 4 e Cancer risk profile associated with the ingestion of
soil contaminated with ground-deposited cadmium for a
cadmium telluride (CdTe) solar photovoltaic fire accident
scenario.release up to the equivalent radius of 45 m; this profile was
estimated using Eq. (7), considering the rated power output of
a conventional 5-kWp residential solar PV module. Thus, the
average individual health risk was calculated as the total
number of incidences of chronic cancer fatality caused by oral
ingestion of deposited Cd, divided by the total population
residing in the area of interest, up to 45 m from the point of
release of cadmium from inside the CdTe PV module.
In the case of whole-blade-throw accidents in WTGs, the
probability contour for fatality caused by blunt trauma was
obtained as shown in Fig. 5 for the distance from the point of
release up to the equivalent radius of 960 m, which was esti-
mated using Eq. (7) based on the rated power output of a
typical utility-scale WTG, 2.3 MW. Thus, the average individ-
ual health risk was calculated as the total number of fatalities
caused by blunt trauma from a thrown blade fragment,
divided by the total population residing in the area of interest,
up to 960 m from the WTG site.
Based on the estimated average individual health risk of
each energy source, the risk per terawatt-hours of electricity
produced by each energy sourcewas estimated using Eq. (8) by
considering the accident frequency, as described in Table 12,
and the rated annual power production for each energy
source. The results are presented in Table 13.5. Discussion
As previously discussed, the social cost of providing protective
measures for a power-distribution system to compensate for
power-source instability, especially in the case of renewable
energy sources, is typically ignored when calculating the
electricity generation cost. The results indicate that compared
with the conventional electricity generation cost estimates for
each energy source, the social cost of gas-turbine installation
plays a dominant role in determining the electricity genera-
tion cost, especially in the case of renewable energy sources.
Although the accident-consequence analysis results indi-
cate a lower average individual health risk per terawatt-hoursFig. 5 e Probability contour for fatality caused by blunt
trauma for the whole-blade failure accident scenario (in
logarithmic scale).
Table 12 e Accident frequencies for the specified accident scenarios for each energy source.
Energy source Accident frequency (/y) Description
NPP 1.43  1006 Large early release frequency for steam-generator tube-rupture accidents
under containment-bypass conditions [20]
CdTe solar photovoltaic system 1.00  1004 The probability of residential fires in wood-frame houses in the United
States [23]
WTG 5.40  1003 Failure data observed from 2000 to 2003, as reported in an Alameda County
study [31]
CdTe, cadmium telluride; NPP, nuclear power plant; WTG, wind-turbine generator.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 6 1e4 7 1470of electricity for NPPs compared with solar PV systems and
WTGs, as shown in Table 13, the risk perception and risk
aversion of the public must be considered when assessing the
cost of accident-risk response, which is a hidden cost of an
energy system. By comparing the estimated average individ-
ual health risk, shown in Table 13, and the accident frequency
of the initiating accident event of each energy source, shown
in Table 12, the contribution of the assumed initiating event
frequency to the average individual health risk in the case of a
renewable energy source is large compared with the case of
NPP. This infers that the risk aversion must be considered
when estimating the external cost for an NPP accident
because this can be categorized as a group accident, which
occurs with a low probability but incurs severe consequences
[32]. In principle, the public tends to behave in a risk-averse
manner, lending more weight to, and expending more socie-
tal resources on, measures to prevent a group accident. In
particular, the value of statistical life depends on how in-
dividuals perceive mortality risks and their perceptions of
baseline risks and changes in probability. For instance, if the
public perceives the risk to be higher than the true risk, then
monetary estimates of the value of risk reduction are expected
to be higher, resulting in the estimation of a higher accident-
risk response cost than the expected cost. Therefore, future
work will include an investigation of public risk aversion to
allow the social acceptability of the accident risk to be
considered in the calculation of these external costs and of the
parameters, which were assumed conservatively and used as
an input data in this analysis, to allow more realistic analysis
for more accurate estimation of the accident-risk response
costs associated with various energy sources.Table 13 e Average individual health risk per terawatt-
hours (TWh) of electricity produced by each energy
source.
Parameter NPP Solar
photovoltaic
system
WTG
Average individual
health risk (/y)
9.82  1009 1.23  1011 1.18  1009
Annual rated power
output (TWh/y)
8.76  1000 4.38  1005 2.02  1002
Average individual
health risk per TWh
of electricity
produced (/TWh)
1.12  1009 2.82  1007 5.86  1008
NPP, nuclear power plant; WTG, wind-turbine generator.6. Conclusions
In response to the Fukushima Daiichi NPP accident, the Japa-
nese government published a report regarding cost estima-
tions, which revealed the existence of hidden costs for various
power generation sources. However, this report failed to
consider the social costs of providing measures to protect the
power-distribution networks from power-source instability
and the cost of accident-risk response for renewable energy
sources. Therefore, an integrated framework for power-
uncertainty analysis and accident-risk analysis for NPPs,
WTGs, and solar PV systems is proposed to incorporate these
risks into estimates of the social costs of various power sources.
For the power-uncertainty analysis, the required capacity of
a gas-turbine power plant to be used as the backup power
source to compensate for fluctuations in the output of the
main power source was estimated. The annual power output
and the annual outage time associated with the failure of
system components were simulated, and based on the results,
the performance indicators (CF and AF) for each power plant
were derived. For the accident-consequence analysis, the
average individual health risk per terawatt-hours of electricity
produced by each energy source was estimated by considering
the accident frequency and potential public health-effect cases
based on the specific accident scenarios considered for each
energy source. The results indicated a significant contribution
of the intermittency-compensation cost compared with the
conventional electricity generation cost estimates; this
contribution was relatively large in the case of renewable en-
ergy sources compared with the case of NPPs. This finding
implies that neglecting the intermittency-compensation costs
of renewable energy sources would be a serious omission,
especially at higher penetration levels. In terms of accident
risk, the estimated average individual health risk per terawatt-
hours of electricity produced in the case of NPPs was less than
in the case of renewable energy sources.
However, the sociological aspects of the public perception
of risk must be taken into account along with the estimated
accident risk to accurately analyze the cost of accident-risk
response for each energy source. Therefore, future work will
include detailed economical evaluations of the accident risks
investigated in this study, and will assess the economic
feasibility of each energy option.Conflicts of interest
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